A bespoke test rig has been designed to facilitate testing of magneto-rheological (MR) elastomers (MREs) under equi-biaxial tension using a standard universal test machine. Tests were performed up to 10% strain on both isotropic and anisotropic MREs with and without the application of an external magnetic field. Assumptions regarding the material's response were used to analyse stress-strain results in the two stretching directions. The assumptions have been verified previously by uniaxial tension tests and by simulations of the magnetic flux distribution performed using a commercial multi-physics finite element software. The MR effect, which is defined as the increase in tangent modulus at a given strain, has been studied versus engineering strain. The latter was measured optically in the experiments using a digital image correlation system. Relative MR effects up to 74% were found when the particle alignment of anisotropic MREs was oriented parallel to an applied magnetic induction of just 67.5 mT.
Introduction
Magneto-rheological elastomers (MREs) are smart materials which can alter some of their properties reversibly and almost instantaneously by the application of external magnetic fields. This behaviour is caused by the interaction of micron-sized magnetic particles dispersed in an elastomeric material. In MREs the magnetic particles are locked in position in the final product. Isotropic and anisotropic materials can be prepared, the latter by exposing the MRE mixture to a magnetic field while curing; this forces the magnetic particles to align in chains, which results in a strong mechanical and magnetic anisotropy [1] . The dynamic small strain behaviour of MREs is well explored [1] [2] [3] ; different types of matrix materials and magnetic particles have been studied. Recently, the magnetostriction [4] , and the magnetic properties of MREs [5] have also been investigated. Nevertheless, there is still a distinct lack of knowledge concerning the constitutive response of these smart materials when subject to large strains. While uniaxial compression and tension, and simple shear tests have been performed to large strains [6] [7] [8] [9] , the variety of materials used in these experiments makes it difficult to compare results. In order to develop constitutive models able to accurately describe the complex behaviour of MREs comprehensive datasets are required. This involves testing both in the absence of and in the presence of magnetic fields, under various deformation modes, including multi-axial deformations, all on the same type of material [10, 11] . Fitting the parameters of complex constitutive models can be a challenging task and the challenge increases with the complexity of the constitutive model due to the increase of independent parameters within the model. For example, constitutive equations for incompressible isotropic materials depend on just two invariants [12] . Models for incompressible anisotropic materials depend on four invariants [13] . For incompressible magneto-sensitive anisotropic materials the constitutive model can depend on as many as nine invariants [14] . The number of independent parameters increases with the number of invariants; consequently, in order to uniquely Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. determine all the model parameters for such complex material behaviour, multiple independent experiments, each inducing different deformation modes, must be conducted. This requirement for multiple independent tests provides the motivation for the current investigation.
While Zhou [15] used the bubble-inflation method to study the fatigue behaviour of MREs in the absence of magnetic fields, so far the behaviour of MREs subject to multi-axial deformations in the presence of applied magnetic fields has yet to be studied. In this research, the response of MREs has been studied under equi-biaxial tension up to 10% strain. A bespoke test rig was designed to facilitate testing using a standard universal test machine. Both isotropic and anisotropic MREs with 10%, 20%, and 30% volume particle concentration were studied in the absence and in the presence of a 67.5 mT magnetic field applied parallel and perpendicular to the direction of particle alignment in anisotropic MREs. Full-field strains were measured optically across the samples using a digital image correlation (DIC) system, and the magnetic field distribution was simulated using the commercial finite element software Comsol. Analysis of the principal stresses in the experiments is based on assumptions verified previously by uniaxial tension tests on the same type of material [16] and by the calculated distribution of the magnetic field strength [17] . These assumptions are improved compared to those used in an earlier published conference paper [18] . The stress-strain results and the magneto-rheological (MR) effect, defined as the increase in tangent moduli due to an applied field, are both reported. Together with largestrain compression, tension and pure shear tests performed on the same type of material [16] , a set of experimental data is presented that characterizes MREs under several deformation modes up to considerably large strain. This is an essential basis for the development of accurate constitutive models for MREs.
Materials
Silicone rubber MM 240TV mixed with 30 w% silicone oil ACC 34, both purchased from the company ACC Silicones were used as the elastomeric matrix material. Carbonyl iron particles provided by the company BASF were used as the magnetic particles; the type SQ was chosen with an average particle size from 3.7 to 4.7 μm. Isotropic and anisotropic MREs with volume particle concentrations of 10%, 20% and 30% were prepared, together with specimens made simply of the pure matrix material, i.e. 0% particle volume concentration. The manufacturing process of a commercially available silicone rubber is straightforward; all the components were mixed thoroughly for three minutes with a hand mixer, and the mixture was degassed in a vacuum chamber for 10 min, both before and again after the mixture was poured in the moulds. The MREs were cured for 1.5 hours at 100°C. To prepare anisotropic MREs the mixture inside the moulds was exposed to a 400 mT magnetic field during the curing process. Sample sheets with dimensions 50×50×2 mm were manufactured. The moulds used to prepare these samples were made of aluminium and brass to avoid any unwanted magnetization. The mould and the manufacturing process are illustrated in figure 1.
Test setup and procedure
Tests were performed on isotropic and anisotropic MREs with 10%, 20% and 30% iron content. A special test rig was designed to enable equi-biaxial testing using an universal test machine (Zwick Z250), which measured vertical force and displacement. Figure 2 shows an isotropic MRE specimen clamped in the rig. The rig was designed in accordance with the British Standard [11] and consisted of upper and lower frames, each attached to the test machine. The two frames were not connected and did not contact one another during the test. Test specimens were held in the rig using three sliding clamps on each side of the specimen; the clamps were free to move along the side length of the frame as the test proceeded, ensuring an almost uniform biaxial stretch of the MRE samples. To reduce friction and to avoid interactions between the test rig and the magnetic field, the rig and the sliding clamps were made of polytetrafluoroethylene (Teflon). The clamps for holding the rubber were made of aluminium with brass screws. The test rig did not allow strains larger than 10% due to the clamping system and the soft materials used. 175 mm long aluminium connecting rods attaching the biaxial test rig to the Zwick test machine ensured sufficient distance between the permanent magnets, the load-cell and the steel parts of the test machine to ensure again any undesirable effects (such as false force readings). Four strong permanent neodymium N52 magnets, two placed on either side of the test rig, were used to create an average magnetic induction of 67.5 mT in the main direction and 7.1 mT perpendicular to this direction. The magnetic field was calculated using finite element analysis in the absence of an MRE sample (the field strength is expected to change once the sample is introduced in the setup). The inter-magnet distance of 140 mm was kept constant during all experiments. The permanent magnets and the direction of the particle alignment in an anisotropic MRE specimen are shown in figure 3 . A naming convention is used when describing the different types of experiment. Case 1 is illustrated in figure 2 and case 2 to case 5 are illustrated in figure 3 . Biaxial test setup with (a) an isotropic MRE with applied magnetic induction in the x-direction (case 2), (b) an anisotropic MRE with particle alignment in the y-direction without magnetic field (case 3), and with magnetic field (c) in the y-direction parallel to the particle alignment (case 4), and (d) in the x-direction perpendicular to the particle alignment (case 5).
The tests were conducted at a test speed of 10 mm min
with up to 10 mm vertical displacements resulting in approximately 10% strain in the stretching directions. Anisotropic MREs with 30% iron particles were only stretched up to 7% strain due to tearing of samples at higher strains. MREs were first tested without an applied magnetic field, followed by tests with 67.5 mT in the main magnetic field direction. All tests were 4-cycle tests and the third loading cycle was used to analyse and interpret the stress-strain results. A DIC system (Limess) was used to measure full-field engineering strains within the MRE samples during the experiments. This measurement ensured that any additional strains that might be present in the test rig are excluded from the presented stress-strain results.
Distribution of the magnetic field strength
The magnetic flux distributions within the volume occupied by the MRE sample were simulated with the multi-physics software Comsol (AC/DC package) [19] . The model geometry is shown in figure 4 ; symmetry conditions meant that only one quarter of the setup was required in the model. The test rig itself was made of non-magnetic materials and had no influence on the magnetic flux calculations, and was thus not modelled. Average dimensions measured during the experiments on isotropic and anisotropic MREs were used in the model. Further information about the finite element model can be found in [17] . The simulation results are in excellent agreement with magnetic field strength measurements taken at various positions in the setup using a Gaussmeter (F.W. Bell Model 5180). Contrary to the actual experimental setup (see figure 3 ) the main magnetic field direction in the Comsol model was always the y-direction and the particle alignment direction of anisotropic MREs was rotated. This was done to simplify the modelling procedure.
The magnetic flux density in the x-and y-directions has to be considered as the field strength in each direction influences the stiffness of the MRE sample in each of these directions [6] . The ratio of the magnetic field strength in the two orthogonal directions is used in analysing the results of the test and so some care has to be taken here to understand the field distribution. Since the biaxial test samples are square, a significant component of the magnetic flux exists perpendicular to the main magnetic flux direction. The distribution of the magnetic flux density, B Y and B X , within the volume usually occupied by an MRE sample (but calculated in the absence of a sample, i.e. with μ r  = 1) is shown as a contour plot in figure 5 . The average value of B Y taken over the volume of the MRE sample is 67.5 mT, and the flux density in the y-direction differs across this volume by about 90.4%. In contrast, the average value of B X is only 7.1 mT, but undergoes a much greater variation in strength of up to 357.2%. The changes in the horizontal flux density, B X , are therefore far larger than those in the vertical direction.
The magnetic flux distribution across the volume occupied by the MRE sample was also calculated in the presence of the samples ( 1 r m > ) by changing the material properties of the MRE samples in the finite element model. The magnetic permeability was defined as isotropic or anisotropic and values determined earlier [17] were used; those values are is largest at 14.98 (when the magnetic field is applied parallel to the direction of particle alignment), and is smallest at 8.59 (when the magnetic field is applied perpendicular to the alignment direction).
Optical strain measurement
A DIC system (Limess) was used to measure the strains. The system consists of 4 M pixel cameras, bulb lights, and the VIC 3D software to perform the analysis. Test samples were sprayed with a white random speckle pattern; images of the samples are shown in figures 2 and 3. Grid lines were also drawn on the samples to enable manual calculation of the strains by measuring pixel positions using the software ImageJ. A series of images was recorded during the cyclic tests. The DIC software performed correlation analysis by comparing the defined area of interest (AoI) in each image. The AoI was defined on the MRE sample as a square area situated in the centre. The software divides the pattern into smaller areas and follows the same areas in each image. During the test, the speckle pattern is stretched and displaced. By tracking the speckle pattern, the DIC software is able to calculate displacements and strains across the test sample. The output of the DIC software are matrices containing values of displacement and engineering strain in both the x and y-direction at each point in the AoI at any given time. Confidence values describing the match at each point are also provided. The engineering strains in the x-direction of a pure rubber sample are shown in figure 6 (a). DIC data were postprocessed using Matlab. The AoI was cropped, and also rotated for better handling. Unreliable values were eliminated using the confidence values provided by the DIC software. The post-processed strain field is shown in figure 6(b) . The strains in the x-direction within the post-processed AoI are relatively uniform, differing between 8.6% and 10.2%. Mean values and standard deviations of the post-processed strain field are calculated and plotted versus time in figure 7 , where the strain in both the local x-and y-directions are shown to be in excellent agreement. Mean values of the original AoI and of the cropped strain field were compared and do agree; however the standard deviations in strains resulting from the original AoI (see figure 6(a)) are larger than those shown in the processed AoI (see figure 6(b) ). The strains in the x-and y-directions are nearly identical; this implies that the frame structure is rigid enough to impose equi-biaxial deformation kinematics. This was also found to be the case even for anisotropic MREs with higher iron content. The load-displacement data recorded by the test machine are subsequently related to the strain-time data of the DIC analysis via the time recorded by the test machine.
Stress calculation
Only the vertical force, P V , was recorded by the uniaxial test machine. In order to calculate stresses in the two stretching directions, the structural system of the biaxial test has to be analysed and several assumptions have to be made. The biaxial rig is assumed to be a rigid body with the top frame moving 10 mm in the vertical direction; the experiment was displacement controlled. This movement of the rig caused stresses within the soft rubber. The structural system is illustrated in figure 8 . The rigid body assumption of the biaxial frame is supported by the optical strain measurement which confirmed equal strains in both stretching directions. Rotation of the biaxial frame was prevented by its connection with the test machine. The forces, P V and P H , and the moment, M, were generated at the fixed support but only the vertical force, P V , was recorded by the test machine. The stresses are assumed to be equally distributed across the length of the three clamps w holding the side of the MRE samples. The distance a is the distance between the fixed support and the clamps. The stresses are calculated in the reference configuration. To derive the equations for the stresses, σ X and , Y s five cases are distinguished (case 1 to case 5 as illustrated in figures 2 and 3) . The analysis of each case is presented in the following sections.
Case 1-isotropic MREs without magnetic field
Isotropic MREs are supposed to have equal properties in all directions, which implies that the stresses X s and Y s are identical. Figure 2 shows the setup of case 1. From equilibrium of stresses in the x-and y-directions, the stresses can be calculated as,
with the vertical force, P V , the thickness of the sample, t, and the width of the clamps, w. As the horizontal force P H and the moment M at the fixed support are zero, no assumptions are required in analysing case 1.
Case 2-isotropic MREs with magnetic induction in the x-direction
The magnetic field is assumed to change the stiffness of the MRE in the x-and y-directions by the same ratio as that between the average magnetic induction in the two directions B B (see table 2 ). The setup of case 2 is shown in figure 3(a) . When a magnetic induction is applied on the isotropic MREs, the force measured in the vertical direction, P V , is larger than the force measured on isotropic MREs without an applied induction P .
V,CASE1
The increase,
= -is attributed to increases in the force generated in the two stretching directions. could be more appropriate. Here α is a parameter that should be determined through more experiments. Nevertheless, in order to simplify the subsequent analysis and also because of the time constraints governing this investigation, the assumption of equation (2) is currently a necessary concession. Attention is drawn to this point as a possible source of error in the method and work to clarify the accuracy of this assumption is deferred to the future. For example, uniaxial tension tests with the particle alignment in the loading direction but with a magnetic field perpendicular to the loading direction could be conducted to examine the accuracy of equation (2) . With the relation of equation (2) and the equilibrium of forces in the vertical direction the stress definitions can be derived as, The value P V,CASE1 is the mean value of forces measured on isotropic MREs of the same iron particle volume fraction tested without an applied field. Note, the horizontal force P H and the moment M are not zero in this and in all following cases.
Case 3-anisotropic MREs without magnetic field
The particle alignment direction of the anisotropic MREs was oriented in the y-direction for all tests. The setup of case 3 is illustrated in figure 3(b) . These MREs are much stiffer in the particle alignment direction, and the stresses in the y-direction are therefore higher than in the x-direction, i.e. .
Y X
s s > As only the vertical force, P V , was measured by the test machine, an assumption is required in order to attribute the vertical force to the two stretching directions. In uniaxial tension tests [16] , measurements on anisotropic MREs with the particle alignment in the loading direction (A) and perpendicular to it (AP) were performed. The relative stress factor between stresses of anisotropic samples with alignment in the loading direction, , A s and perpendicular to the loading direction, , AP s is used to evaluate the relationship between X s and Y s in the equi-biaxial tension tests. In the case of biaxial tension test both directions are the loading directions, thus in the y-direction the particle alignment is parallel and in the x-direction the alignment is perpendicular to the load: Mean values from at least three repeated uniaxial tension tests were taken to calculate the relative stress factors. These are plotted versus uniaxial strain in figure 9 . With the stress factor defined in equation (5), combined with the equilibrium condition, the stresses in both stretching directions can be calculated as,
This method of using the relative stress factor obtained from uniaxial tension tests provides a first approximate analysis of the biaxial test data. It might be possible in future to improve the analysis method by using results of constitutive modelling. For now, however, this is the only information available to describe the behaviour of anisotropic MREs. Relative stress factor f ( ) e between anisotropic MREs with alignment in (A) and perpendicular to (AP) the loading direction tested in uniaxial tension are shown. The stress factor is plotted versus the engineering strain in the uniaxial stretching direction. Note that the stress factor tends to infinity for small strains, so values below 2% strain are unreliable.
Case 4-anisotropic MREs with magnetic induction in the y-direction
Anisotropic MREs with particle alignment in the y-direction were tested with a magnetic induction also applied in the y-direction, thus the direction of the particle alignment was parallel to the main magnetic field direction; the setup is shown in figure 3(c) . Two assumptions are required to analyse the test results of case 4.
(i) The force P V increases due to the applied magnetic induction by P ; V,inc thus P P P .
V V,CASE3 V,inc = + The increased force, P , V,inc can be attributed to the two stretching directions in the same way as in case 2. The only difference here is that the magnetic field is now applied in the y-direction rather than in the x-direction. The relation between the magnetic factor B B and the stresses X s and Y s of the biaxial tests are thus defined as follows:
(ii) The stresses resulting from P V,CASE3 (equations (6) and (7)) were calculated with a stress factor f ( ) e obtained from uniaxial tension tests.
The resulting stresses X s and Y s are defined in equations (9) and (10). As both the particle alignment and the applied magnetic field are in the y-direction, the stresses in this direction are expected to be much higher than the stresses in the x-direction, i.e. , (5)) and the magnetic factor (equation (2)).
The assumptions used here are improved compared to an earlier published conference paper [18] . In particular, the stress factor obtained from uniaxial tension tests performed in [16] and used here to interpret the experimental data, is a function of strain rather than of displacement. Further, the magnetic field assumption is based on a factor between the average levels of magnetic induction in the two stretching directions instead of assuming changes in material behaviour only in the direction of the magnetic field. These modifications provide improved accuracy and reliability when interpreting the results.
Stress-strain results and MR effect
The experimental results from tests on isotropic and anisotropic MREs conducted in the absence of a magnetic field (case 1 and case 3), and those conducted in the presence of magnetic field (case 2, case 4 and case 5) are reported in this section.
The load-displacement data recorded by the uniaxial test machine are converted to stress-strain data in the two stretching directions (X and Y) using the optically measured strains described section 5 and the stress equations derived in section 6. First, the MRE behaviour in the absence of a magnetic field is discussed. The effect of changing the iron particle volume concentration is considered and the differences between the isotropic and anisotropic MREs is ascertained.
Second, the MR effect is studied by comparing stressstrain results of tests conducted in the absence of magnetic fields with those conducted in the presence of magnetic fields. The increase in the tangent moduli versus large-strain is reported for various applied magnetic field strengths. Absolute and relative MR effects are defined as
( ) = or expressed as the MR increase with E E 1 100
M 0 ( ) -d efined as a percentage value. In these equations E 0 and E M are the tangent moduli calculated as the linear slope of the stress-strain curves (using 1% strain increments), from tests in the absence and in the presence of a magnetic field, respectively. Use of this small strain increment produces a reasonable approximation of the first derivative of the stressstrain curves. The vertical load versus displacement data for all types of MREs tested in the absence of a magnetic field are shown in figure 10(a) . The measured force increases with increasing iron content. Also, forces are larger in anisotropic MREs compared to the equivalent isotropic MREs, and this difference increases with increasing iron particle volume concentration. The associated stress-strain curves are shown in figure 10(b) . In the case of anisotropic MREs the assumption discussed in section 6.3 has been applied. The tangent moduli, E 0 , are plotted versus engineering strain in figure 11(a) , and the maximum values between 1% and 2% strain are plotted versus the iron volume fraction in figure 11(b) . The moduli increase in a non-linear manner with increasing iron volume content, where the MREs containing 30% iron particles exceed the linear level.
Characterization of the MR effect (cases 2, 4 and 5)
A magnetic field strength of 67.5 mT was applied in the main magnetic field direction to study the increase in stiffness of the MRE material in the equi-biaxial tension test series. The Figure 10 . Vertical load-displacement curve and the stress-strain curves comparing the different types of MRE samples tested in the absence of a magnetic field. Stresses of the isotropic MREs are compared with the stresses parallel (P) and perpendicular (⊥) to the particle alignment of anisotropic MREs. Figure 11 . Tangent moduli, E 0 , versus the iron volume fraction of isotropic MREs and anisotropic MREs parallel (P) and perpendicular (⊥) to the particle alignment direction. Tangent moduli between 1% and 2% strain are provided. magnetic flux lines were not unidirectional; when interpreting experimental data, this issue is taken into account using the analysis described in section 6.
Pure rubber and isotropic MREs (case 2). The vertical force-displacement and the stress-strain data of isotropic MREs both with and without an applied magnetic flux are shown in figure 12 . The stress-strain data in the direction of the applied magnetic field (x-direction) were calculated using equations (3) and (4). An increase in force is apparent when samples are subjected to a magnetic flux density, but this increase is most significant for isotropic MREs with 20% iron content.
The relative MR effects (equation (14)) of pure rubber and isotropic MREs are plotted versus engineering strain in figure 13 . The highest relative MR increase of about 25% (1.09 MPa absolute MR effect) was achieved with an isotropic 20% MRE in the small-strain region. The isotropic 30% MREs exhibit lower relative increases of about 21%; this is a somewhat unexpected result but is probably due to the large no-field modulus of the isotropic 30% MRE specimens (see figure 11) . As expected, the MR effects in the direction perpendicular to the applied induction are all close to 1. Results from pure rubber samples indicate an experimental and analytical error of about 3%.
Anisotropic MREs (case 4 and case 5). The load-displacement and the stress-strain curves of anisotropic MREs with magnetic field applied parallel to the direction of particle alignment are compared with those of the NoField tests in figure 14 . All of the samples show an increase in force. Stresses are calculated using equations (9) and (10). Large increases in stress are visible for anisotropic MREs with 20% and 30% iron content. The relative MR effects are evaluated together with anisotropic MREs where the magnetic field is applied perpendicular to the alignment direction in figure 16 .
The vertical load-displacement and stress-strain data of anisotropic MREs tested with a magnetic field applied perpendicular to the direction of particle alignment are shown in figure 15 . Increases in the forces are small for MREs with 10% and 30% iron content and are relatively large in the case of the anisotropic 20% MREs. The stresses in the two principal stretching directions are found using equations (11) and (12), and show the same tendency as the load-displacement data.
The relative MR effects of anisotropic MREs with the magnetic field applied parallel and perpendicular to the particle alignment direction are plotted versus strain in figure 16 . The highest MR increase of about 74% (4.89 MPa absolute MR effect) was measured for the anisotropic MREs with 30% iron content when the magnetic field was applied parallel to the particle alignment direction. This MR increase occurred at about 4% strain, whereas in the small-strain region the increase measured on the same MRE was just 27.9%. The steep increase in MR effect of the anisotropic 30% MREs Figure 12 . Vertical load-displacement and stress-strain curves in the x-direction of pure rubber and isotropic MRE samples with 10%-30% iron content comparing the NoField with the Magnet tests. The magnetic field, B P , was applied in the x-direction. with increasing strain is unusual and contrasts with results found in uniaxial compression and tension experiments [16] . Nevertheless an increase in MR effect with increasing strain is observed in all MREs containing 30% particle content in this investigation (see figures 13 and 16(b) ). It is not yet clear if this is a real effect or if due to either experimental error or errors due to the assumptions used in the analysis of the results. Further testing, or perhaps numerical modelling at the micro-scale e.g. [20] would be useful in clarifying this point. The MR effects perpendicular to the main magnetic field direction are all close to 1.
When the magnetic field was applied perpendicular to the particle alignment direction, the highest MR increase of 46% (2.24 MPa absolute MR effect) was achieved with MREs containing 20% iron content. The MR effects of anisotropic MREs with 10% and 20% iron content exceed the MR effects found when the magnetic flux was applied parallel to the direction of particle alignment. This contrasts with the results found in uniaxial tension tests [16] and might be due to nonuniformity of the applied magnetic field. The results achieved in equi-biaxial tension are also influenced by the assumptions which were required to analyse the data, and could be improved with the use of constitutive modelling in future investigations.
MR effect versus volume particle concentration. To study the influence of the iron content, the maximum absolute and relative MR effects are plotted versus iron particle volume concentration in figure 17 , and are also listed together with the no-field moduli E 0 and the field moduli E M in table 3. Only the MR effects in the main magnetic field direction are presented. MR effects increase with increasing iron content in the MRE samples, but the results of isotropic and anisotropic Figure 14 . Vertical load-displacement and stress-strain curves in the y-direction of anisotropic MREs with 10%-30% iron content comparing the NoField with the Magnet tests. Both the particle alignment and the applied magnetic induction, B P , were in the y-direction. Figure 15 . Vertical load-displacement and stress-strain curves in the x-direction of anisotropic MREs with 10%-30% iron content comparing the NoField with the Magnet tests. The particles in the MREs were aligned in the y-direction while the magnetic induction, B P , was applied in the x-direction.
MREs containing 30% iron content are somewhat unexpected, as discussed earlier.
Summary and conclusions
Equi-biaxial tension tests were performed on MREs. A special test rig was designed to enable testing on a universal test machine. Two permanent magnets on each side of the test rig created a magnetic flux density of 67.5 mT in the main magnetic field direction. Tests on isotropic and anisotropic MREs with 10%-30% iron particle content were performed with the magnetic field aligned both parallel and perpendicular to the particle alignment direction. A DIC system was used to measure full-field strains. To calculate stresses in the two stretching directions, several assumptions were employed in the data analysis:
(i) Frictionless clamps; forces along the frame axes are zero. (ii) The magnetic field changes the properties of the material parallel and perpendicular to the magnetic field direction by the same ratio as the ratio of mean magnetic field strengths in the two directions, B B .

(iii) For anisotropic MRE samples the relation between stresses parallel and perpendicular to the particle alignment is the same as a relative stress factor f ( ) e taken from uniaxial tension tests [16] .
High MR increases of about 74% were found in anisotropic MREs containing 30% iron content when the particle Figure 17 . Maximum absolute and relative MR effects in the direction of the applied magnetic induction of all types of MREs versus the volume particle concentration. Figure 16 . Relative MR effects of anisotropic MREs with 10%-30% iron content are plotted versus strain. The magnetic field, B P , is applied (a) in the y-direction (parallel to the direction of particle alignment), and (b) in the x-direction (perpendicular to the direction of particle alignment). alignment was oriented along the same direction as the magnetic field of 67.5 mT. To put these results into perspective, previous tests reported by the authors on the same material under uniaxial compression revealed a 111% MR increase under the influence of a magnetic field of 450 mT, and even higher increases of 284% in uniaxial tensile tests were measured when the MRE was under the influence of a magnetic field of 289 mT. In both tests samples were strained up to 50% [16] . The equi-biaxial tension tests are an important part of a comprehensive dataset [16] and are required in order to fully characterize the complex behaviour of MREs to facilitate the future development and evaluation of accurate constitutive models [10] . However, several improvements to the test procedure reported in this paper can be suggested for future implementation:
(i) Perhaps the most important point is to improve measurement of either the horizontal force or the moment at the test machine (in addition to the measured vertical force). This would make all the assumptions described in section 6 redundant and any errors associated with these assumptions would then be eliminated. Redesigning the rig to include biaxial or torque load-cells would improve the quality of the results obtained from the equi-biaxial tension tests. (ii) Improvement of the clamping system, and a larger stiffness of the sliding clamps (see section 3) to enable testing of the MRE samples up to larger strains. 
